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Summary 
This report describes a model water tunnel built in 1928 
by the National Advisory COYMnittee for Aeronautics to investi-
gate the poss ibility of using w.a;ter tunnels for aerodynamic in-
vestigations at large scales . The model tunnel is similar to 
an open- throat wind tunnel, but uses water for the working 
fluid . Results are given of tests of the tunnel and also of 
some observations made with model airfoils in the tunnel to 
study the phenomena of cavitat ion. It is concluded that a water 
tunnel does not offer a convenient method of making aerodynamic 
investigations at large scales . A large water tunnel would be 
of value ch iefly for use in the study of cavitation . 
Introduct ion 
In aerodynamic model testing it is possible to obtain an 
air flow similar to that at full scale by conduc ting the tests 
at large values of the Reynolds Numter . Since the Reynolds Num-
(Y~" ( d ber - ' varies directly as the scale of the model expresse \ v I 
by the characteristic length ~) directly as the velocity (V), 
and inversely as the kinematic viscosity (V}, large values of 
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the Reynolds Nl!:mbe r may be obtained by increasing V or decreas-
ing v. I n the Variable Densi ty Wind Tunnel of the National 
Advisory Comr:!littee for Aeronautics (Refe rence 1), tests are made 
in air c ompressed to 20 at r:'lOspheres . The kinematic viscosity 
is thus reduced to approximately 1/20 of its normeJ. value, Ltnd 
the Reynolds Numbe r at a g i ven velocity is correspondingly i n-
c reas ed. As anothe r means of securing high Reynolds Numbers, 
the use of wate r for the working fluid has been cons idered. At 
norm:11 temperatures the kinematic viscosi ty of water is bet'.1een 
1/8 Ltnd 1/15 that of air, but if the wate r is heated to a ter:1per-
Ltture of 90oC, the k inematic viscosity is r educed to 1/47 that 
of air at standard condi ti ons . 
I An investigation of the possibility of using water for the 
worki:1g fluid in conducting aerodynamic tests at large values 
of the Reynolds Number was begun in January, 1928. Some prel im-
inary designs of a water tunnel were i71ade, and later a model 
water tunnel was rl.8Digned and const ructed. The experimental in-
vestigation was begun in August, 1928, when tests of the model 
tunnel \7e r e started. .~ number of speciLtl proble~:'ls were encoun-
tered in connection with the investigation, the most import ant 
of which WaS that of dealing with cavitation. I n the ~odel tun-
nel, as fi r st constructed, the wate r was c ir culated by a propel-
ler, as is custo~ary in wind-tunnel testing. However, it was 
found that the wate r was churned by the pr opeller, p robably be-
cause of cavit ation on the blades, until it became milky in ap-
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pearance. The milky appearance W[1S undoubtedly due to the pres-
ence of a lo.rge number of sl:1all air bubbles. Since this condi-
tion was considered very undesirable, a specially designed five-
stage turbine type pUi:1p VielS substituted for the propeller. It 
was then pos ~ ible to ke ep the wnter clear until a velocity WaS 
reached thQt WaS sufficiently high to produce cavitation pn a 
model Q,irfoil placed in the test section at any angle of attack. 
A brief investigation Was then made on airfoil models mounted in 
the completed tunnel to study cavitation. 
General Description 
The model water tunnel of the National Advisory Committee 
for Aeronautics is of the open-throat type with a single return 
passage. A jet of water is discharge d ir om 8. nozzle-shaped en-
trance cone through a glass- enclosec, wate r-filled test chamber 
into a flare-mouthed exit cone . As shown in Figures 1 and 2, a 
comparatively large chamber is provided, just ahead of the en-
trance cone, to equalize and stabilize the flow. The cross-
sectional area of this charflber is nine times the area of the 
mouth of the ent r ance cone . 
A Tfl :OIine type pr opeller proved unsatisfactory for ci r culat; ; 
ing the wat er because of cavitation on the propeller blades , so 
a specially desi gned turbin.e type pump wa.s substituted. This 
pump has five staBes to reduce the pressure gain through each 
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set of blades . The pressure d i st ribut i on thr ough the pump is 
shown in Fi gur e 3 . Power i s suppl i ed th r ough a belt dr ive by a 
v a r iable speed el ectri c motor. 
A i'fler cur y manomet er with water- f i lled leads is connected 
b etween the test chamber and the lal'ge chamoer ahead of the en-
tr ance cone to i ndi cate the aver age dynamic p r essure . An.other 
manometer indi cates the s t at i c head in the t est chamb,er. 
I n order to cont r ol t he t emper atur e of the water, two elec-
t r ical - resistance heater elements ar e i nstall ed in the large 
chamber . Since the ener gy supplied to ci r cul ate the water in-
creases its temper atur e, p r ovi s i on is made fo r cooling i t by 
the i ntroduction of col d wat er i nto the lar ge chamber, the sur-
plus being d i schar ged from t he test chamber. By r egulat i on of 
the heads on the ingo i ng and out gning st r eams the stat i c pres-
sure is cont r ol led. 
The d i amete r of t he entrance cone i s 2t-inches. Th r ee exit 
cones , with di f fe r ent mi n i mum d i ameter s, were tried, and a cone 
wi th a minimum d i ameter of 2-3 / 4 i nches, or 10 per cent greate r 
than that of the ent r ance cone, was -selected as better than 
e i ther of the smal le r ones . The distance f r om the mouth of the 
entrance cone to the f l a r e of the exit cone is 3- 9 / 16 inches . 
No attempt WaS made to measur e fo r ces on models i n th i s tun-
nel , but a model mounting is pr ovided by means of which airfoi l 
or marine p r opeller sect i on models wi th I t -inch chor ds can be 
mounted i n the jet i n such a manner as to per mi t the angle of 
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attack to be changed during operation. The mode l extends clear 
acr oss the jet. 
T est s 
A seri es of cal i br at ion tests wer e made on the wate r tunnel 
to determine its operating characteristics. These tests showed 
sat isfactory total head distributions across the jet. Curves of 
jet veloc ity, power co nsumption and energy r atio we r e obtained 
(Fig. 4). 
Veioc ities up to about 45 feet per second a r e obtained with-
out excess ive power absol'ption. The ener gy r atio of the tunnel 
alone is app roximately 0 . 77 throughout mo s t of the operating 
range , but decreases at velocities above about 42 feet per sec-
ond . This ener gy ratio is p robably somewhat lower than would 
be obtai ned in a large r tunne l because of the excessive friction 
losses in the small tur bine pump, and because the pump Was too 
small to per mit accurate fo rming of the cast bron ze blades . 
Flow _characteristics. - Vel oc iti es up to about 45 feet per 
second are obtainable without objectionable sur ges or pulsations. 
The flow thr ough the test chamber is marked , however, by large 
eddies in the water surrounding the jet. These eddies were stud-
i ed by means of fine p ieces of coal in the water, and their max-
imum veloc ity wa.s estimated to be about 1/10 to 1/6 that of the 
average jet veloc i ty . At high speeds, these eddies ar e so pro-
nounc ed as to cause cavitaticn at the flare of the exit cone. 
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The model, which extends clear across the jet, deflects the flow 
so that an increased amount of water is spilled out around the 
bottom of the exit cone. 
Free surface operation. - The use of a free surface, that is, 
a water to free air surface on the test chamber would facilitate 
the installation, maintenance, and operation of a force balance 
and other testing equipment. It would also offer advantages in 
photographing flow formation and in observing the model during 
tests. Tests were made, therefore, with the glass top removed 
from the test chamber. The water level under these conditions 
is lower than it would normally be in a tunnel of this type, con-
sequently the static pressure in the jet is very small. Several 
runs were made to determine the jet speeds at which the free sur-
face became noticeably disturbed. With the model set at _6°, 
this speed was found to be 2.2 feet per second. With the . angle 
of attack increased to +240 , this velocity increased to 3.6 feet 
per second. Runs were also made to determine the speeds at which 
the surface entirely broke down and let air bubbles into the exit 
cone. This speed was found to be 7.6 feet per second with the 
model at an angle of attack of _6 0 , and 11.0 feet per second 
with the model at +240. It is noteworthy that the jet speed 
with a free surface can be greater when there is a wing across 
the jet. From these tests it is concluded that free surface op-
eration at reasonably high speeds is practicable only with a much 
larger tunnel. 
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Cavitation tests .- A series of comparative cavitation tests 
was made by means of visual observation on models of several 
marine propelle r sections and one airfo i l section (a Clark Y 
section reduced to a thickness of 10 per cent of the chord). 
-An attempt was made to correlate the results of these tests with 
the results of pressure- distribution tests . 
The visual cavitation tests were made at constant water tem-
per ature and static pressure . The cavitation on the diffe r ent 
models Was compar ed at angles of attack cor respond ing to certain 
computed lift coefficients . At jet speeds above about 30 feet 
pe r second, cavitat i on began with the appear ance of a small , rap-
idly fl uctuat ing, and occas ionally .disappearing cavity near the 
leading edge of the section. The cavity Was located on either 
the upper or lower surface, depending upon the form of the sec-
tion and the angle of attack . 
Table I gives the conditions under Which cavitation first 
appeared on the ai r foil . At higher jet speeds the cavity varied 
very rapidly in size but never disappeared. At the h i ghes t jet 
speeds obtainable, the cav ity streamed off the surface of the 
section and formed a milky region extending into the exit cone 
(Fig . 5) . With the different models there were noticeable dif-
ferences in the jet speeds at which cavitation began, in the ap-
pearance wid location of the cavity, and in the rate at which the 
cavitation increased with jet speeds, but these differences were 
not so pronounced as to rrake any section markedly superior in 
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these respects •. 
I n order to i nvest i gate the local condi tions under wh i ch 
cav i tation appear ed , measur ements of the pressures near the point 
of for~ation of the cav ity were attempted. The results of these 
tests ~ere not satisfactor y, owing to d i ff i cult ies encounter ed 
because of the smal l si ze of the model . Pe ak negative pressures 
occur on a very small area. It WQ..S impossible to know whether 
this maximum negative pressure WaS measur ed because: only one 
orifice could be used at a t i me , difficulties were encountered 
in locating this orifi ce i n this small area, and the smallest 
p r act i cable orifice Was too large in cor~arison with the size of 
the sectionw The peak pr essur es on the (J irfoil section , however , 
wer e cQlculated f r om wind- tunnel tests (Reference 2). The peak 
negative pressur es on the sharp- nosed mari ne propeller sections 
were too problematic and too sensitive to smQ..ll changes in angle 
of attack to allow an est i mate of their magn i tudes to be made . 
Cavit ation mi ght be expected to occur when the absolute 
local pressur e is reduced to the vapor p r essure of the water . 
The calculations made fo r the Clark Y a irfoil reduced to a thick-
ness of 10 per cent of the cho r d indicate that the local reduc-
tion i n pressur e below the stat i c pressur e would not exceed 
1 . 2q at the 2.ngles of at tack used. If this reduction was r eQ.ch ed, 
visible cav i tation began when the pressur e r eduction WaS 48 per 
cent of'the total absolute static pressur e minus the vapor pres-
s ure of the vlater. I f it were assumed that pressures . appro ach-
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ing the vn.por pressure of the wuter were reQ,ched when visible 
cavitation first began, pressure reductions of 2.44q would be 
required in the flow, nearly 2t times the dynamic pressure. This 
seems hardly possible in the range of l.1ngles of attack investi-
gated, although at the highest speeds llt which tests were made, 
a local pressure reduct i on of only 1.29q would be re quired to 
reduce the local absolute pressure to the vQPor p ressure of the 
water, cmd this pressur e reduction would undoubtedly be reached 
on the surface of an ai r foil at mode r ate n.ngles of attack. 
These results indic ate that visible cavitation probably begins 
before the absolute local pressure i s l'educed to the vapor pres-
sure of the 'Frater beclluse of dissolved air coming out of solu-
t tion . It is also p robable that visible cavitn.tion has become 
very pronounced before the vapor pressure of the \7ater is 
reached. 
Con c 1 u s ion 
This investigation has led to the conclusion that aerody-
namic tests at high Reynolds Nu.."l1bers cannot be made as conven;, 
iently by use of a water tunnel as by other methods, but tIle ex-
periments suggest that such apparatus may be of great value for 
invest igat ing the phenomena of cavi tat ion in water. 
Langley Memorial AeronautiGn.l Laboratory , 
National Advisory Conrnittee for Aeronautics, 
1 LQ,ngley Field, Va . , November 28 , 1930. 
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TAFLE I 
Cavitation on Clar k Y airfoil (10 per cent thick) 
Temper ature 28°C 
Static preosur e (absolute) 2200 lb . /sq.ft . 
I 
Angle of Dynamic pre ssur e at I 
attack which cav i tLLtion I Locat ion of 
appeare d I cavi tat ion lb. per sq . ft . I 
- 35 ' 877 I Below leo..ding edge 
+1° 25 1 1162 I II II II 
+2 ° 
I 
25 1136 I II II II 
+4° 25 ' 1291 I Above and below le 'ld-i 
I ing edge. 
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